Background: Congenital infection of Toxoplasma gondii is an important factor causing birth defects. The neural stem cells (NSCs) are found to be one of the target cells for the parasite during development of the brain. As a key virulence factor of the parasite that hijacks host cellular functions, ROP18 has been demonstrated to mediate the inhibition of host innate and adaptive immune responses through specific binding different host immunity related molecules. However, its pathogenic actions in NSCs remain elusive. Results: In the present study, ROP18 recombinant adenovirus (Ad-ROP18) was constructed and used to infect C17.2 NSCs. After 3d-or 5d-culture in differentiation medium, the differentiation of C17.2 NSCs and the activity of the Wnt/β-catenin signaling pathway were detected. The results showed that the protein level of βIII-tubulin, a marker of neurons, in the Ad-ROP18-transfected C17.2 NSCs was significantly decreased, indicating that the differentiation of C17.2 NSCs was inhibited by the ROP18. The β-catenin level in the Ad-ROP18-transfected C17.2 NSCs was found to be lower than that in the Ad group. Also, neurogenin1 (Ngn1) and neurogenin2 (Ngn2) were downregulated significantly (P < 0.05) in the Ad-ROP18-transfected C17.2 NSCs compared to the Ad group. Accordingly, the TOP flash/FOP flash dual-luciferase report system showed that the transfection of Ad-ROP18 decreased the Wnt/β-catenin pathway activity in the C17.2 NSCs. Conclusions: The inhibition effect of the ROP18 from T. gondii (TgROP18) on the neuronal differentiation of C17.2 NSCs was at least partly mediated through inhibiting the activity of the Wnt/β-catenin signaling pathway, eventually resulting in the downregulation of Ngn1 and Ngn2. The findings help to better understand potential mechanisms of brain pathology induced by TgROP18.
Background
Toxoplasma gondii is arguably the most successful obligate intracellular parasite. It infects a variety of warmblooded vertebrates once the infectious oocysts or tissue cysts from contaminated food or water are ingested orally. It is reported that around one third of the worldwide population is infected by the parasite with varying infection rates among different countries [1] [2] [3] . Of those who are infected, typically most show minor or no apparent symptoms owing to their strong immune controls. However, for pregnant women and individuals who have compromised immune systems, such as AIDS, cancer chemotherapy and transplantation, Toxoplasma infection could cause serious health problems. Among the outcomes of the parasitic infection, congenital toxoplasmosis has been reported as the most serious with an incidence of around 1-15 per 10,000 live births [4] . Typically, congenital toxoplasmosis shows different symptoms, including hydrocephalus or microcephalus, intracerebral calcification and chorioretinitis, etc. [5] .
Toxoplasma gondii has the capability to invade almost any nucleated cells and any organ; however, the brain is known to be the most easily damaged site after the infection with this parasite. Presumably, the neural stem cell (NSCs) should be one of the target cells for the infection during the development of the brain and neuropathogenesis. However, the exact mechanisms of pathological brain damage in congenital toxoplasmosis still remain unknown.
Toxoplasma gondii is a model apicoplexan, with a characteristic apical complex. This apical complex is composed of specialized cytoskeletal and several secretory organelles. Rhoptry (ROP) is one of the typical secretory organelles, by which the effector proteins of rhoptry are secreted. The secreted ROP proteins are known to play an important role in active penetration of the parasite into the host cell and eventually manipulate the host cell towards their needs [6, 7] . Among these secreted ROP proteins, ROP18 has been regarded as a key virulence factor that can hijack cellular functions of the host cells [8, 9] . It is highly expressed in types I and II strains of T. gondii, and targets the parasitophorous vacuole membrane (PVM) following its secretion. Similar to other members of the ROP2 clade, ROP18 is also composed of the conserved residues that are required for the activity of S/T kinase, and it has been reported to phosphorylate other ROP proteins (i.e. ROP2, ROP4 and ROP8) and interacts with other host cell proteins. For example, it targets immunity-related GTPases (IRGs) by activating transcript factor 6β (ATF6β), and p65 to inhibit host innate and adaptive immune responses [10] [11] [12] [13] [14] . Despite the mechanism of ROP18-mediated virulence through escaping from immune system eliminations is well studied, the exact molecular mechanisms of this kinase exerting its pathogenic action in NSCs remain poorly understood.
Congenital infection of pathogens can induce abnormal proliferation, differentiation or apoptosis of the neural stem cells (NSCs), eventually causing brain malformations [15] [16] [17] . Our previous studies demonstrated that both Toxoplasma RH strain (a canonical type I strain) and TgCtwh3 strain (a representative Chinese 1 strain) were able to infect the GD14 embryos of ICR (Institute of Cancer Research) mice-derived NSCs and the cultured C17.2 NSCs, leading to apparent apoptosis of these NSCs. These findings may partly explain the possible mechanisms of pathological brain damage caused by congenital T. gondii infection [18, 19] . Furthermore, we recently found that the excreted-secreted antigens (ESAs) of T. gondii RH inactivated the differentiation of C17.2 NSCs and downregulated the expression level of β-catenin [20] . β-catenin is a crucial component of the Wnt/β-catenin signaling pathway. Activity of the Wnt/β-catenin signaling pathway is modulated by the interactions of β-catenin and many protein kinases (e.g. GSK3b, CK1a) [21] . As an important virulent factor, we speculate that ROP18 secreted by T. gondii secretory organelles (TgROP18) has an inhibition effect on the differentiation of NSCs. To understand the exact molecular mechanisms of the inhibition effect on the NSCs differentiation induced by TgROP18, we transfected C17.2 NSCs with TgROP18 recombinant adenovirus (Ad-ROP18), and then detected the differentiation of C17.2 NSCs and the activity of the Wnt/β-catenin signaling pathway. Our data revealed that ROP18 kinase exerts the inhibition effect on the neuronal differentiation of NSCs via inhibiting the activity of the Wnt/β-catenin signaling pathway. ROP18 has been demonstrated to mediate the inhibition of host innate and adaptive immune responses through specific binding different host immunity related molecules; however, its pathogenic actions in NSCs remain elusive. The findings would help us to better understand the potential mechanisms of pathological brain damage induced by T. gondii.
Methods

Cell culture
C17.2 NSCs, a murine neural stem cell line, were donated by Dr Evan Y. Snyder from Burnham Institute for Medical Research (La Jolla, CA, USA), and were cultured following the standard operating procedure [22, 23] . Briefly, the cells were grown in a 5% CO 2 incubator at 37°C using DMEM complete medium plus 10% fetal bovine serum, 5% horse serum (Gibco, Grand Island, USA), 2 mM L-glutamine (Gibco), 100 μg/ml streptomycin (Sigma-Aldrich, St. Louis, USA), and 100 μg/ml penicillin (Sigma-Aldrich). The cell monolayers were detached by 0.05% trypsin-EDTA and reseeded when they reached 70-80% confluence. The suspended cells were split no more than 1:10 once per week.
Differentiation of C17.2 NSCs
The C17.2 NSCs (~4 × 10 5 ) were reseeded onto 12 mm matrigel-coated coverslips in 60 mm Petri dishes; uncoated coverslips were used as controls. The cells were then cultured for 24 h in DMEM complete medium plus 5% horse serum and 10% fetal bovine serum. The medium was then changed to serum-free DMEM/F12 plus 2% N2 when the cell monolayers reached 50% confluence to induce the differentiation of the C17.2 NSCs. The morphological changes in the C17.2 NSCs were recorded every day. The cells were subject to immunofluorescence staining of βIII-tubulin on day 3 and 5 to evaluate the differentiation level.
Construction and identification of TgROP18 recombinant adenovirus
With the template pEGFP-G2-ROP18, PCR was conducted with specific primers for TgROP18 CDS (Rop18-F: 5′-ATT AGC GGC CGC ATG TTT TCG GTA CAG CGG CCA-3′; Rop18-R: 5′-ACA CAT GCA TTT ATT CTG TGT GGA GAT G-3′). The forward and reverse primers introduced 5′ terminal restriction sites of NotI and NsiI, respectively. PCR was performed as follows: preheating at 94°C for 5 min, then 30 cycles of 94°C for 30 s min, 55°C for 30 s, and 72°C for 90 s, plus a final extension at 72°C for 10 min. Electrophoresis of the PCR products was conducted on 1.5% agarose gel stained with ethidium bromide, and then the PCR segments were recovered and purified according to the DNA Pure-Spin Kit (Axgen, Tewksbury, USA). Purified TgROP18 DNA segment and pHBAd-MCMV-GFP vector (Hanbio, Shanghai, China) were digested with restriction endonuclease NotI and NsiI, respectively. Recovered products were ligated with T4 DNA ligase, and transformed into chemically competent E. coli DH5α cells. The positive transformants were selected on Amp-LB agar plates, and then inoculated in LB liquid culture media. After overnight incubation, the recombinant plasmid DNA was isolated by alkaline lysis method and further confirmed via NotI and NsiI double digestion [24] . pHBAd-MCMV-GFP-Rop18 was sequenced by Shanghai Sunny Biotechnology Co., Ltd. (China), and the resultant sequence was identical to TgROP18 gene in the GenBank database (accession: AM075204).
HEK 293 cells were seeded at a density of 1.5 × 10 6 cells per 60 mm Petri dish, and then cultured for 24 h before transfection. 2 μg of pHBAd-MCMV-GFP-ROP18 vector and 4 μg of adenoviral backbone plasmid pHBAd-BHG (Hanbio, Shanghai, China) were transfected into 293 cells with Lipofiter™ (Sunny Biotechnology Co. Ltd., Shanghai, China) according to the transfection agent manual. Two to three days later, the adherent cells with obvious cytopathic effect (CPE) became rounded and ablated. The collected cells were repeatedly freeze-thawed at least three times at 37°C/-70°C. The Ad-ROP18 virus-containing supernatant was obtained after centrifugation at 3000× rpm, and then the titer determined with an improved TCID50 method [25] .
Transfection of C17.2 NSCs with ad-ROP18
The C17.2 NSCs were cultured in DMEM complete medium plus 5% horse serum and 10% fetal bovine serum following reseeding at a density of 1 × 10 5 cells/ ml in 6-well plates. After 24 h incubation, the cell monolayers were washed with phosphate buffered saline (PBS) three times, and then the Ad-ROP18 or blank recombinant adenovirus (Ad) at multiplicity of infection (MOI) of 70 was transfected into C17.2 NSCs and cultured in serum-free DMEM/F12 plus 2% N2 in a 5% CO 2 air incubator at 37°C for 3 or 5 days. The expression of ROP18 in C17.2 NSCs was analyzed by western blotting and fluorescence microscopy (Olympus, Tokyo, Japan).
Immunofluorescence
The C17.2 cells were grown on coverslips in 5% CO 2 at 37°C for 3 or 5 days. After the cells were washed twice with PBS, they were fixed with 4% formaldehyde for 20 min, then washed three times with PBS, permeabilized with 0.1% TritonX-100 for 15-20 min, and finally blocked for 1 h with 5% bovine serum albumin in PBS. The cells were then subject to incubation with mouse anti-βIII tubulin monoclonal antibody (1:200, Cell Signaling Technology, USA) overnight at 4°C, and then incubated for 1 h at 37°C; finally, they were washed with PBS three times. The coverslips were then subjected to incubation with PE-conjugated anti-mouse IgG (1:200 dilution; Santa Cruz, USA) at 37°C for 1 h. After that, the cells were washed with PBS for three times, and stained with Hoechst 33,258 (Sigma-Aldrich) for 10 min at room temperature to observe the nucleus. The images were recorded using fluorescent microscopy (Olympus).
Western blotting
The expression levels of ROP 18, βIII-tubulin, neurogenin1 (Ngn1), neurogenin2 (Ngn2) and β-catenin were determined by western blotting to further identify the differentiation of C17.2 NSCs. Briefly, after the C17.2 NSCs were transfected with Ad-ROP18 or Ad and then cultured for 3 days and 5 days, the cells were harvested and total proteins were isolated. 40 μg of total proteins were electrophoresed on 12% sodium dodecyl sulfatepolyacrylamide gel (SDS-PAGE), and electrically transferred onto a nitrocellulose membrane (Millipore, Billerica, USA), and then immunoblotted using primary monoclonal antibodies (Cell Signaling Technology, Danvers, USA): anti-βIII tubulin antibody (1:1000), antiNgn1 antibody (1:500), anti-Ngn2 antibody (1:1000), anti-β-catenin antibody (1:1000) and anti-β-actin antibody (1:1000). β-actin, in this study, was used as a loading control. Blots were subsequently incubated for 2 h at room temperature with respective to secondary antibodies, including anti-mouse (for anti-βIII tubulin and anti-Ngn1 primary antibodies) and anti-rabbit IgG (for anti-Ngn2, anti-β-catenin and anti-β-actin primary antibodies) conjugated with horseradish peroxidase (1:5000, ZSGB-Bio, Beijing, China). An ECL kit (Thermo Scientific, Waltham, USA) was used to detect the chemiluminescence. The results were analyzed by using JD-801 gel imaging analysis system (Panasonic, Osaka, Japan).
Luciferase reporter assay
The TOP flash/FOP flash dual-luciferase report system was used to detect Wnt signaling pathway activity of the Ad-ROP18-or Ad-transfected C17.2 NSCs. Briefly, C17.2 NSCs were plated at a density of 1 × 10 4 cells/ml in 24-well plates. After 16 h culture, 500 ng TOP flash plasmid (Millipore) containing six TCF-binding motifs and firefly luciferase open reading frame was used to transfect the cells in Opti-MEM using lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Meanwhile, 500 ng FOP flash plasmid containing six mutated TCF-binding motifs (Millipore), and 10 ng pRL-SV40 vector containing renilla luciferase reporter gene (Promega, Madison,USA) were used to normalize the transfection efficiency. After 6 h culture, serum-free DMEM/F12 plus 2% N2 was used to replace the Opti-MEM, followed by infection of Ad-ROP18 or Ad at MOI of 70. After 3d-or 5d-incubation, the luciferase activity was evaluated according to Dual-Luciferase Reporter (DLR™) Assay System (Promega). The cells were incubated with passive lysis buffer (PLB) for 15-20 min on an orbital shaker to lyse the cells. The lysates were spun down at 12,000× rpm for 1 min at 4°C, and the supernatants were collected. The cell lysates were placed into a luciferase assay reagent II-containing luminometer tube, and were mixed by pipetting 2 or 3 times. After measurement of firefly luciferase (Fluc), the signals were quenched by adding stop & glo reagent, followed by the reaction with renilla luciferase (Rluc) substrate. The signals in arbitrary unit (AU) from both Rluc and Fluc were measured by a luminometer (Promega, GloMax 20/20, Madison, USA). Normalization of the relative firefly luciferase activity was conducted using the renilla luciferase activity.
Statistical analysis
All quantitative data were represented as mean ± standard error of mean (SEM). The differences between two groups were analyzed by Student's t-test and P < 0.05 was defined as a statistically significant difference.
Results
Expression of ad-ROP18 in C17.2 NSCs
After digestion with NotI and NsiI, ROP18 was ligated to the pHBAd-MCMV-GFP vector. After 24 h incubation, the cultured C17.2 NSCs were transfected by Ad-ROP18 at MOI of 70, and the blank recombinant adenovirus, i.e. Ad, was used as a control. To calculate the percentage of cells expressing ROP18, we randomly selected 5 fields under a microscope and counted the number of cells with or without green fluorescence. As shown in Fig. 1 , the fluorescent signal was recorded after C17.2 NSCs were transfected by Ad-ROP18, and the percentage of cells with green fluorescence was about 90%. Additionally, fusion protein of ROP18-GFP was successfully determined by western blotting assay using the ROP18 polyclonal antibody, and an expected 70 KD band was found. The results indicated that ROP18 recombinant adenovirus was highly expressed in the C17.2 NSCs.
The differentiation of ad-ROP18-transfected C17.2 NSCs
To evaluate the effect of Ad-ROP18 on the differentiation of C17.2 NSCs, the expression levels of βIII-tubulin in the cells infected with or without Ad-ROP18 at an MOI of 70 were detected by immunofluorescence staining. Ten fields were selected randomly and staining signals in the cytoplasm were examined by visual observation. As shown in Fig. 2 , the βIII-tubulin staining in the C17.2 NSCs cultured in DMEM/F12 plus 2% N2 was obvious on both days 3 and 5. However, the staining signals in the Ad-ROP18-infected cells were significantly decreased.
After immunofluorescence staining, the protein levels of βIII-tubulin in the C17.2 NSCs were assessed by western blotting. As shown in Fig. 3 , the relative levels of βIII-tubulin in the Ad-ROP18-transfected C17.2 NSCs were 0.3100 ± 0.0945 for day 3 and 0.4297 ± 0.0845 for day 5. These levels were significantly lower than those in the non-infected C17.2 NSCs grown in DMEM/F12 plus 2% N2 1.563 ± 0.3846 for day 3 (t (4) = 3.165, P = 0.034) and 1.452 ± 0.2628 for day 5 (t (4) = 3.702 P = 0.021)], and 
Expression of β-catenin and neurogenin in ad-ROP18-transfected C17.2 NSCs
In order to examine whether ROP18 inhibits the differentiation of C17.2 NSCs via the Wnt/β-catenin signaling pathway, the protein level of β-catenin in the Ad-ROP18-transfected cells was first detected. As shown in Fig. 4a , after 3 d-culture, the β-catenin level in Ad-ROP18-transfected C17.2 NSCs was 0.3277 ± 0.1294, significantly lower than that in the Ad-transfected cells (0.8263 ± 0.1096) (t (4) = 2.94, P = 0.042), and greatly lower than that in the non-transfected cells cultured in the same differentiation medium (2.363 ± 1.201). As shown in Fig. 4b , on day 5, the protein levels of β-catenin in the Ad-ROP18-tansfected C17.2 NSCs were also significantly decreased as compared to the Ad-transfected or non-transfected cells. The protein levels of β-catenin in the Ad-ROP18-transfected, Ad-transfected, and non-transfected C17.2 NSCs were 0.2700 ± 0.0538, 1.273 ± 0.0602 and 2.440 ± 0.8909, respectively.
Next, the protein levels of neurogenin Ngn1 and Ngn2, the neuron-specific transcription factors, in the Wnt/β-catenin signaling pathway in C17.2 NSCs were detected after being treated with or without Ad-ROP18 for 3 or 5 days. As shown in Fig. 5 , the expression of Ngn1 in C17.2 NSCs after treatment with Ad-ROP18 for 3 days (0.8073 ± 0.0700) was inhibited, significantly lower than that in the Ad group (1.485 ± 0.1259) (t (4) = 4.647, P = 0.009) and the non-infection group (3.848 ± 1.042) (t (4) = 2.901, P = 0.044). On day 5, the expression of Ngn1 in C17.2 NSCs treated with Ad-ROP18 (0.2213 ± 0.0633) was significantly decreased as compared to that in the Ad group (1.202 ± 0.2765) (t (4) = 3.456, P = 0.026). A similar expression profile was also found for Ngn2 after treatment of the cells with Ad-ROP18 for 3 days and 5 days. On day 3, the protein levels of Ngn2 in C17.2 NSCs for Ad-ROP18 group, Ad group and non-infection group were 0.6627 ± 0.1309, 1.713 ± 0.1396, and 1.890 ± 0.3145, respectively. On day 5, the levels were 0.3777 ± 0.0783, 1.050 ± 0.2177 and 1.714 ± 0.3725, respectively. Both on day 3 and 5, the Ngn2 level in the C17.2 NSCs treated with Ad-ROP18 was significantly decreased compared with those in the Ad group or the non-infection group (t (4) = 3.512, P = 0.025).
Activity of the Wnt/β-catenin signaling pathway in ad-ROP18-transfected C17.2 NSCs
To further test the activity of the Wnt/β-catenin signaling pathway, a TOP falsh/FOP flash dual-luciferase report system was employed. TOP/FOP luciferase activities in C17.2 NSCs treated with Ad-ROP18 greatly lower (0.1553 ± 0.0234) than that in the Ad group (2.029 ± 1.339) or the non-infection group (0.4618 ± 0.1614) on day 3 (Fig. 6 ). They were significantly lower (t (4) = 2.794, P = 0.049) than that in non-infection group on day 5. However, no significant differences were found between 
Discussion
Since Boothroyd's and Sibley's laboratories identified ROP18 as a critical contributor to virulence of the parasite using classical forward genetic approaches, many studies have focused on the molecular mechanisms of TgROP18 manipulating host cellular functions [8, 9] . It is reported that TgROP18 could inhibit innate immunity through downregulation of IFN-γ-inducible GTPases and subsequent prevention from targeting PVM in mice [13, 14, 26, 27] . In addition, it can also inhibit adaptive immunity by targeting activated transcript factor 6β (ATF6β), a component of the unfolded protein response [10, 11] , and by phosphorylating the host p65, a family member of NF-κB [12] , to downregulate type I immune responses mediated by CD8 T cells. Toxoplasma gondii is a neurotropic parasite, and can infect many kinds of cells in the central nervous system, including NSCs. However, the molecular mechanism of this virulent protein exerting neuropathogenesis remains poorly understood. Our recent studies examined the effect of TgROP18 on the apoptosis of neural cells and demonstrated that TgROP18 could induce the ER stressmediated apoptosis pathway to facilitate neural cell death [28, 29] . As the number of differentiated cells and the size of each region of the brain are dependent on the balance and fate decision between proliferation and differentiation of the NSCs, in this study we further evaluated the effect of TgROP18 on the differentiation of NSCs, a key process of brain development and our data have shown that it inhibited the neuronal differentiation of C17.2 NSCs. Together, these data reveal that TgROP18 is a crucial factor that relevantly induces pathological brain damage, though the molecular mechanism of inhibition of this kinase on the central nervous system remains to be explored.
In this study, we explored the inhibition effect of TgROP18 on the Wnt signaling pathway in the C17.2 NSCs. Since the Wnt signaling pathway was reported to play a crucial role in the development of the brain and the differentiation of NSCs [21, 30, 31] , the inhibition effect of TgROP18 on the Wnt pathway in the C17.2 NSCs was reasonably proposed and subsequently investigated by determining the protein levels and activities of the related proteins involved in this pathway. Wnt signaling pathways were categorized into canonical and noncanonical Wnt pathways, dependent on their requirement or independence of intracellular β-catenin. In the canonical Wnt pathway, also known as Wnt/β-catenin pathway, a degradation complex, consisting of Axin, casein kinase 1 (CK1), glucogen synthase kinase 3β (GSK3β) and adenomatous polyposis coli (APC), keeps the central co-activator β-catenin at very low levels. This cytoplasmic degradation complex allows the phosphorylation of β-catenin, and sequential polyubiquitination by the E3 ligase β-TrCP, and final degradation mediated by the proteasome [21] . In an active state, once Wnt proteins bind to the co-receptors and receptors on the cell surface, the formation of the degradation complex is inhibited, leading to the stabilization and accumulation of β-catenin in cytoplasma. Eventually, the stabilized β-catenin in the cytoplasma is translocated into the nucleus to act as a transcriptional coactivator of several transcription factors in the TCF/LEF family. Thus, β-catenin plays a pivotal role in the control of decisive steps in the development of the brain through the canonical Wnt signaling system. It has been previously reported that conditional mutation of β-catenin could cause the elimination of the cells at the mid-hindbrain boundary, and decrease the neuronal precursor population and overall size of the nervous system [32, 33] . In this study, we examined the protein levels of β-catenin in the TgROP18-treated C17.2 NSCs. The data revealed that the β-catenin level in the C17.2 NSCs was significantly decreased after TgROP18 treatment for 3 or 5 days, indicating that the Wnt/β-catenin signaling pathway was inactivated by theTgROP18 transfection in the C17.2 NSCs. To further examine the effects of TgROP18 on the activity of the Wnt/β-catenin signaling pathway, the TOP flash/FOP flash assay dual-luciferase report system was used. Consistent with a decrease in β-catenin level, significantly lower activities of the TOP/ FOP luciferase were found in the TgROP18-transfected C17.2 NSCs, as compared to the control cells, indicating that TgROP18 could attenuate β-catenin/TCF transcriptional activity in the C17.2 NSCs.
On the question of how TgROP18 inhibits neuronal differentiation via the Wnt/β-catenin pathway in NSCs, a previous study found that a nucleotide sequence at positions -1167 to -1160 in the Ngn1 gene promoter, called TCF binding element, was necessary for maximal transcriptional activity of the Ngn1 gene in neural progenitor cells (NPCs), and β-catenin was able to directly bind the promoter to enhance the level of Ngn1 [34] . An ectopic expression of stabilized β-catenin was demonstrated to increase the mRNA level of Ngn1 [34] . More importantly, a reduced expression of Ngn1 was also found in β-catenin-deficient neural crest cells [31] . These results show that β-catenin can mediate the regulation of Ngn1. As is well known, Ngn1, as a proneural basic helix-loophelix (bHLH) transcription factor [35] , together with Ngn2, both were expressed in immature neurons and newly Fig. 4 The protein levels of β-catenin in C17.2 NSCs.C17.2 NSCs were infected with or without Ad-ROP18 at MOI of 70, and then were cultured in DMEM: F12 supplemented with 2% N2 for 3 days (a) or 5 days (b). The protein levels of β-catenin and β-actin were detected by western blotting. The examinations are repeated three times. The presented figures are from a representative analysis, and all these data represent the mean ± SD on different assays (n = 3), *P < 0.05. Abbreviations: Non, non-infection group, C17.2 NSCs without Ad-ROP18 infection; Ad, C17.2 NSCs infected with adenovirus empty vector; Ad-ROP18, C17.2 NSCs infected with Ad-ROP18 recombinant adenovirus Fig. 5 The expression of Ngn1 and Ngn2 in C17.2 NSCs. C17.2 NSCs were infected with or without Ad-ROP18 at MOI of 70, and then were cultured in DMEM: F12 supplemented with 2% N2 for 3 or 5 days. The protein levels of Ngn1 (a), Ngn2 (b) were detected by western blotting. The examinations are repeated three times. The presented figures are from a representative analysis, and all these data represent the mean ± SD on different assays (n = 3), *P < 0.05. Abbreviations: Non: non-infection group, C17.2 NSCs without Ad-ROP18/Ad infection; Ad: C17.2 NSCs infected with adenovirus empty vector; Ad-ROP18: C17.2 NSCs infected with Ad-ROP18 recombinant adenovirus committed neuronal progenitors, playing crucial roles in neurogenesis and regional specification in the neocortex [36] . In this study, the expression level of Ngn1 in NSCs treated with TgROP18 was detected, and we found that the expression level of Ngn1 in the TgROP18-treated NSCs was significantly decreased, which was consistent with the expression profile of β-catenin. The results imply that TgROP18 inhibits the neuronal differentiation of NSCs through the Wnt/β-catenin pathway by regulation of Ngn1 expression. Since Notch signaling is also involved in the neurogenesis, playing an antagonistic interaction with the Wnt pathways, how the Notch and the Wnt pathways interact in the C17.2 NSCs after treatment with TgROP18 needs to be further explored.
Conclusions
Our study shows that the TgROP18 inhibits the neuronal differentiation of the C17.2 NSCs. This effect is mediated at least partly by inhibiting the activity of the Wnt/ β-catenin signaling pathway, subsequently resulting in the downregulation of Ngn1 and Ngn2. These findings reveal a potential molecular mechanism of pathological brain damage induced by TgROP18.
Abbreviations APC: Adenomatous polyposis coli; bHLH: Basic helix-loop-helix; CK1: Casein kinase 1; ESAs: Excreted-secreted antigens; GSK3β: Glucogen synthase kinase 3β; IRGs: Immunity-related GTPases; Ngn1: Neurogenin1; Ngn2: Neurogenin2; NPCs: Neural progenitor cells; NSCs: Neural stem cells; PVM: Parasitophorous vacuole membrane; ROPs: Proteins of rhoptries Fig. 6 Activity of the Wnt/β-catenin signaling pathway in C17.2 NSCs detected by TOP flash/FOP flash dual-luciferase report system. C17.2 NSCs were transfected with TOP flash/ FOP flash plasmid and pRL-SV40 vector, followed by infection with or without Ad-ROP18 at MOI of 70, and then were cultured in DMEM: F12 supplemented with 2% N2 for 3 or 5 days. The activities of firefly luciferase and renilla luciferase were measured by a luminometer, and the activity of the Wnt/β-catenin signaling pathway was recorded as TOP/FOP. All these data represent the mean ± SD on different assays (n = 3), *P < 0.05. Abbreviations: Non, non-infection group, C17.2 NSCs without Ad-ROP18/Ad infection; Ad, C17.2 NSCs infected with adenovirus empty vector; Ad-ROP18, C17.2 NSCs infected with Ad-ROP18 recombinant adenovirus
